Introduction
Spark discharge is a process where a sudden discharge of energy stored at high voltage in a capacitor is induced. Due to its ability to excite many elements, the spark discharge has long been used as an excitation source for spectrochemical analysis, which has been commonly called as spark discharge plasma optical emission spectrometry (SD-OES). [1] [2] [3] [4] The intensity and wavelength distribution of the light emitted from the spark discharge plasma are related to the elemental composition of the spark-gap electrodes. Nowadays, the spark discharge method has been applied widely as a routine tool for the industrial quality control of metal and alloys. However in its practical application, the emission signal emitted from the plasma region is observed from a radial direction of the plasma and then collected onto the entrance slit of a spectrometer with a point-focus lens. This optical alignment has no ability to yield information on the spatial distribution of the emission signal, whereas the emission intensity is integrated over the overall region of the plasma.
When a spark discharge plasma is observed with a highspeed camera having no capability of dispersion, bright spots on the cathode surface (cathode point) as well as lightning connecting between the electrodes, called a spark channel, appear in the plasma image. 5, 6) These emitting zones are caused principally by de-acceleration of energetic electrons due to the collisions with gaseous species in the plasma, yielding a strong continuum radiation which often interferes with emission analysis in SD-OES. On the other hand, the radiation of analyte species might be emitted from a different portion from the continuum radiation zone, because the analyte species are considered to be excited through a different process. 4, 5) Therefore, one needs to observe the emission image directly in order to understand the complicated spectrochemical phenomena occurring in the SD plasma. This study could be expected to provide complete information on the atomic excitation process taking place in the SD plasma.
For such observation, several studies relating to the twodimensional (2D) image of atomic emission lines emitted from a plasma region have been successfully conducted. [7] [8] [9] For the purpose of the plasma observation, the researchers have employed an imaging spectrograph equipped with a CCD detector. As it is recorded in scientific publications, the first study had been reported by Gamez et al. in 2007. 7) They have proposed the resolved elemental analysis in glow discharge optical emission spectrometry (GD-OES) using an imaging spectrometer system. In the following study, Zenitani and Wagatsuma have observed a 2D image of atomic emission from a glow discharge plasma using an imaging spectrometer system. 8) However, regarding the measurement of 2D image from a spark discharge plasma, no research work has been carried out until now. In this paper, we present results of our new study on the 2D image of atomic emission from a spark discharge plasma taken using a spatially-resolved spectrograph, in order to investigate the emission zone of the analyte species in SD-OES.
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In order to obtain detailed information on the excitation process which takes place in a spark discharge (SD) plasma, a two dimensional image of atomic emission was observed by using an imaging spectrograph equipped with a charge-couple device (CCD) detector. The emission image of copper emission (Cu I 324.75 nm) emitted from a SD plasma region induced in argon at a low pressure has been successfully observed. It indicates that the copper emission is the most intense at plasma zones being 1.5-2.0-mm apart from the sample surface and becomes weaker at larger distance from the central zone of the SD plasma region, and that the emission image changes with time; where the optimal condition of the emission image is obtained at a delay time of 40 ms. These results could be valuable information in order to have better understanding about the complicated spectrochemical phenomena occurring in the SD plasma.
Experimental Procedure
A pulsed high voltage circuit with a self-trigger spark gap switch was used to generate the plasma. 10) A needle-toplate discharge electrode system was set into a metal chamber. A tungsten needle was installed with a stainless steel holder at a position of the counter electrode, and a pure copper plate was used as the sample. According to an original procedure which had been applied in our laboratory, 10) the radiation emitted from the spark discharge plasma, which was observed from the radial direction of the plasma, was introduced through a collimator optics onto the entrance slit of an image spectrograph (Model 12580, Bunko Keiki Corp., Japan), and the emission image was then dispersed and detected on a charge-coupled device detector (SensiCam QE Model, PCO Imaging Corp., Germany), where the 2D image of a particular emission line could be observed in the radial direction of the plasma. The slit width of the spectrometer was 4 mm.
Pulsated discharge voltages were applied to the spark discharge electrode with a power supply/regulator system (PDA-5520II, Shimadzu Corp., Japan). High-purity argon (Ͼ99.999 %) was introduced as the plasma gas after evacuating the chamber to below 1 kPa. The pressure was monitored with a Pirani gauge (GP-2, ULVAC Corp., Japan) which had been corrected for pure argon, and it was placed between the evacuation port and a rotary vacuum pump (GLD-166, ULVAC Engineering Inc., Japan). Copper is suitable for the spatially-resolved measurement using the spectrometer system having poor spectral resolution, because its spectrum comprises a few strong and isolated emission lines. The sample plate was polished with waterproof abrasive papers and then fixed at the sample port of the chamber. After the surface was cleaned during pre-discharges, the emission signals were accumulated on a personal computer by using appropriate discharge and measuring conditions for each sample. The analytical line was the Cu I 324.75 nm. We have already reported on a pressure dependence of its emission intensity from an argon spark discharge plasma, indicating that the intensity is almost kept to be intense at argon pressures of 20-70 kPa. 11) Therefore, the experiment was carried out under argon atmosphere at a pressure of 20 kPa. The plasma gas was flowed during the measurement while keeping a chamber pressure of 20 kPa.
The overall illustration of the experimental apparatus used in this research work is shown in Fig. 1. 
Results and Discussion
As we have mentioned in Introduction, due to its high ability to excite many atoms in very short time, the spark discharge method has been very popular tool in many metal industries as well as research institutes. The spark discharge equipment is simple in its construction and operation; however, from the spectrochemical feature, the excitation process of atoms occurring in the plasma region becomes complicated phenomena. This is the main reason why the studies of the excitation process in a SD plasma have been interesting and continuously carried out until now. In order to provide new information on the excitation process through a spark discharge plasma, the study relating to the plasma image emitted from the SD plasma region has been conducted in our laboratory. It should be considered that it is really difficult to obtain the plasma image with its perfect formation during experiment because the SD plasma is varied temporally and spatially. Figure 2 shows a typical image of the copper emission (Cu I 324.75 nm) emitted from the SD plasma induced in argon atmosphere at a reduced pressure, where the intensities are expressed by mapping with several colours. This image was taken at a gate width of 400 ms so that the whole intensity distribution could be obtained during a single spark, and it was accumulated for spark shots of 20 to be an averaged image. It thus seems that the detector becomes saturated at bright portions of the plasma. As shown in Fig. 2(a) , the size of plasma image in the vertical direction is quite bigger than the horizontal direction; however, it can be seen clearly that the image has a large variation in their intensity along the axial distance, where the most intense emission comes from its central portion of the plasma. It should be noted that the most intense zone of the copper emission is located not at the cathode spot on the sample surface but at the plasma zone being about 1.5-mm apart from the sample surface. This implies that the excitation of the copper emission occurs at a different zone from the spark channel which results from the collisions with energetic electrons. With observing on the plasma image in the Fig. 2(a) , we assume that, with the progress of the plasma expansion, the vapour sample of copper existing in the SD plasma region moves vertically away from the sample surface and outward from the spark channel within a short time. In this case, the major excitation process for the copper emission becomes a recombination collision to produce low-lying excited species of copper atom from ionic species of copper. 10) Because the excitation energy of the Cu I 324.75 nm is relatively low (3.82 eV), this excitation is likely to occur in the recombination process. Figure 2(b) shows the cross-section distribution of the emission intensity along the radial distance of the plasma, which could be useful as another evidence to support our assumption about the atomic movement in the SD plasma. As the impact of the plasma expansion, the electron density and electron temperature in the plasma region are also changed with time, yielding that the emission intensity can become weaker at larger distance from the central channel of the SD plasma region, as it has been represented in the Figs. 2(a) and 2(b) .
For obtaining further knowledge how the plasma images change with time during its expansion process, we conducted a time-resolved measurement with observing the plasma images at different delay times. Figure 3 shows a variation of the copper emission image with duration time.
The sample surface was located at a relative distance of about 5.0 mm in Fig. 3 . The time-resolved image moves for each spark due to its discontinuous and unstable breakdown: however, the most intense zone appears about 2.0 mm above the sample surface while the plasma size changes with the duration time. As seen in Fig. 3(b) , the emission of the Cu I 324.75 nm has the brightest zone at a delay time of 40 ms, and then it gradually apart from the sample surface with decreasing the intensity. We suggested a model concerning the progress of a SD plasma to describe how the excitation process occurs in the plasma region. 10) At the beginning stage of spark plasma formation, the initial plasma (cathode spot) is produced on the sample surface. The electron density and electron temperature are very high in this plasma region, allowing atoms to move with very fast speed and producing continuum emission with high background. However, as the result of the plasma expansion, the secondary plasma is produced within a short time. Concerning the plasma characteristics, it should be noticed that the parameter of the secondary plasma are totally different from the initial plasma, namely the electron characteristic in the secondary plasma has a low density and low temperature yielding spectral emission with very low background. In the case of atomic emission analysis using spark discharge plasma method, most of atomic emission lines would come from the recombination process between excited species of the sample atom and electrons in the secondary SD plasma region. According to the result of our experiment, it can be stated that an optimum condition for excitation of the excited level of the copper atom existing in the plasma region is obtained at a delay time of at 40 ms. However, after the duration time of the optimum condition (after 40 ms), the plasma condition changes systemically; namely the plasma density and its temperature also became low drastically, which is the reason why its emission intensity becomes weak, as it is shown in Figs. 3(c) and 3(d).
Conclusion
The two dimensional image of a spark discharge plasma has been observed successfully with using a two-dimensional spectrograph. The result of this experiment can be useful as new knowledge for understanding of the excitation process occurring in the spark discharge plasma as well as for determining the optimum conditions for the analytical application. It can be suggested that the atomic emission of the Cu I 324.75 nm should be measured at plasma positions being 1.5-2.0-mm apart from the sample surface, and also at a delay time of 40 ms. This optimum condition would be generally effective for measuring neutral atomic lines of other metallic elements.
